It has been recognized in recent years that administration of androgens and estrogens to mice and rats may be associated with enlargement of the kidneys.6' 9, 1, 11, 12, 13, 14, 16, 21, 22, 24 Suggestions have been made that such enlargement is dependent on an alteration in the metabolism of potassium.' MacKay"7 found that, after unilateral nephrectomy in the rat, the hypertrophy of the remaining kidney was increased when testosterone was given. Selye23' 25 noted what appeared to be a beneficial effect of testosterone on the kidney damage produced by ligature of the ureter and by administration of sublimate. Some authors"3 17, 23 have gone so far as to recommend the use of testosterone in renal disease in man, on the assumption that it might promote the compensatory hypertrophy of undamaged nephrons.
It has been recognized in recent years that administration of androgens and estrogens to mice and rats may be associated with enlargement of the kidneys.6' 9, 1, 11, 12, 13, 14, 16, 21, 22, 24 Suggestions have been made that such enlargement is dependent on an alteration in the metabolism of potassium.' MacKay"7 found that, after unilateral nephrectomy in the rat, the hypertrophy of the remaining kidney was increased when testosterone was given. Selye23 ' 25 noted what appeared to be a beneficial effect of testosterone on the kidney damage produced by ligature of the ureter and by administration of sublimate. Some authors"3 17, 23 have gone so far as to recommend the use of testosterone in renal disease in man, on the assumption that it might promote the compensatory hypertrophy of undamaged nephrons.
The following experiments were designed to determine what effect, if any, the administration of estrogen or androgen might have upon the course and lesions of "nephrotoxic" nephritis in the rat.
Experimental procedure
The anti-kidney serum was prepared, essentially by the method of Smadel, 28 as follows:
Albino rats were anesthetized with ether; the abdomen was prepared by shaving and washing with Lysol and draped with sterile gauze. The peritoneal cavity was opened with sterile instruments and a hypodermic needle was inserted into the abdominal aorta and tied in place. A syringe was attached and the kidneys were perfused with about 150 to 200 cc. of sterile physiological saline solution. The vena cava was cut after perfusion was started. When the kidneys had become pale and apparently blood-free, they were removed and ground, under aseptic conditions, in a Latapie mincer. From the resulting semi-fluid mass a 20 per cent suspension in saline was made.
Of this suspension 10 cc. were injected intraperitoneally into each of two rabbits. Injections were made 3 times a week for 3 weeks. Then, after a rest period of about 12 days, another 3-week series of injections was given, then another rest period, then a final series of injections. Each rabbit thus received 27 injections. Ten days after the last injection both rabbits were bled and their sera were pooled.
First series. Albino rats weighing about 200 gm. were used. All rats were maintained on a diet of Purina Fox Chow, the tablets being ground up and mixed with casein in such proportion that the casein made up approximately 30 per cent of the total ration. This was done because of the observation of Smadel and Farr29 that rats on a high protein diet were more likely to develop nephritis following the injection of nephrotoxic serum. Water was given ad libitum. The rats were divided into groups as follows: N-normal control, same diet as others. A--serum alone. B-serum and sesame oil. C-serum and estradiol. D-serum and testosterone. E-estradiol alone. F-testosterone alone.
Each group originally included 3 males and 3 females. There were thus 3 subgroups, which were sacrificed at different intervals. At the start of the experiment, all rats in groups A, B, C, and D received the rabbit anti-serum intravenously in a dose of 0.05 cc. per 100 gm. body weight. Four doses were given on successive days, followed by three more doses after a two-week period, a total of 0.35 cc. per 100 gm. for each rat. When it became evident that the first animals sacrificed, i.e., subgroups 1 and 2, did not show severe renal lesions, additional serum was given to the remaining rats (subgroup 3) 3 months after the start of the experiment. This consisted of 0.1 cc. per 100 gm. body weight given intravenously on four successive days, making an additional dose of 0.4 cc. per 100 gm. for each rat. The rabbit antiserum had been kept frozen in the interval.
Injections of the hormones were started on the day after the initial dose of serum. The preparations ussd were a-estradiol dipropionate (DiOvocylin, Ciba) in sesame oil, 1 mg. per cc., and testosterone propionate (Perandren, Ciba), also in sesame oil, 10 mg. per cc.* Rats in groups C and E received 0.05 mg. of Di-Ovocylin subcutaneously 3 times a week for the first month, and thereafter 0.1 mg. 3 times a week. The rats in groups D and F received 0.5 mg. of Perandren subcutaneously 3 The urine was collected and examined daily during the first series of serum injections, later about twice a week. The sediment obtained by centrifugation, was examined microscopically and albumin was estimated by layering 3 per cent sulfosalicylic acid over the urine in the tube. At first, attempts were made at quantitative measurement using a Wintrobe hematocrit tube and centrifuging the precipitated protein, but this method was abandoned as being of doubtful accuracy and giving no more essential information than the usual estimate based on a scale from "trace" to "4-plus."
Second series. A second, smaller series of 6 rats ( Table 2 ) received massive doses of serum and testosterone. Those that were given serum received a total of 1.0 cc. of the pooled serum per 100 gm. body weight in 7 divided doses. Testosterone was given to rats 1, 2, and 7 in a total dose of 67.5 mg. per rat over a period of 7 weeks. Rat 6 received 125 mg. of testosterone in 16 weeks. Approximately 9 hours before sacrificing rats 5, 6, and 7, each rat was given 0.1 mg. of colchicine in saline per 100 gm. body weight intraperitoneally. At the time these rats were killed (with Nembutal) blood was taken under oil for serum chlorides and protein.
Results
Course of disease. No definite edema (cf. Smadel and Farr28) was observed in any animal. Occasional red cells and casts were first seen in the urine 5 days after the first injection of serum, but were noted only rarely after the first 2 weeks. Definite albuminuria (2-to 3-plus) was not observed until 3 weeks after the first injection of serum. It then appeared in all rats which had received serum and was maintained for about 6 weeks, after which it began to diminish. Shortly after this, since it was evident that the animals were recovering from the nephritis, those of subgroup 3 were given additional serum, as recorded above. Two weeks later, profuse albuminuria (3-to 4-plus) reappeared and remained present until these animals were sacrificed.
In the second series (Table 2 ) all rats receiving serum showed a 4-plus albuminuria throughout the experiment.
A few of the rats receiving hormones but no serum (e.g., EF3, FF3, FM2, FM3) showed on occasion a 1-or 2-plus albumin. The kidneys of these animals, especially FF3, also showed a slight and perhaps questionable thickening of the glomerular basement membrane (see below).
Blood pressure. On several occasions, systolic blood pressure was estimated by using a modification of the apparatus described by Williams, Harrison, and Grollman.3" Although pressures were taken on some of the rats which eventually showed the most severe renal lesions, all readings were between 100 and 120 mm. Hg, and did not differ essentially from those found in normal control rats.* Electrolytes and proteins. At the time of sacrifice of the rats in group 3, estimations of electrolytes were done on the muscle of rats EF3, FF3, EM3, and FM3 by Dr. H. C. Miller. These were the rats receiving the largest doses of estradiol or testosterone alone. The results, expressed in millimols per 100 gm. of fat-free solids, were as follows (see also Miller20): Since the normal concentration of potassium in the muscle of rats is regarded as between 47 and 50 millimols,2' the values for potassium are definitely low.
In the second series (Table 2) , serum chlorides and serum total protein were done on blood taken at the time rats 5, 6, and 7 were killed. The values for chlorides ranged from 97.6 to 110.3 m.eq. per liter, and for proteins from 6.9 to 7.4 gm. per 100 cc., despite the fact that rats 5 and 6 had had a profuse albuminuria for some It seems evident, therefore, that the rats which received both serum and either estradiol or testosterone had kidneys significantly larger than were those of rats which received serum alone or serum with sesame oil and those which were given hormones alone. From the second series ( Table 2 ) the same general conclusion may be drawn, but one outstanding exception must be noted in rat 2-5, which received serum alone and had huge kidneys. After the kidneys had been weighed in the fresh state and parts of them had been fixed in 10 per cent formalin, the question arose as to how much of the increased weight might be due to an accumulation of fluid, especially in dilated tubules. Accordingly, portions of kidneys which had been fixed in formalin were weighed and then dried to constant weight in an oven. This was done for a representative group of rats, and the results are expressed in Table 3 as percentage of water in the kidney tissue. Although some of the largest kidneys showed a definite increase in water content over the controls, it is clear that such an increase does not by any means account for all of the increment in weight. Histological findings. The renal lesions were essentially similar to those described by Smadel.27 These ranged from slight thickening of the glomerular basement membrane without definite change in the tubules to severe scarring of glomerular and interstitial tissue with dilatation of tubules and presence of hyaline casts. The most striking change was a progressive thickening of the basement membrane, best brought out with the Mallory-Heidenhain stain (Figs. 2 to 5).
Attempts to express the renal damage quantitatively were abandoned as giving unreliable results. However, the most severe lesions were seen in those rats which received the largest doses of serum over the longest period of time (i.e., group 3 in Table 1 and all the rats receiving serum in Table 2 ). Also, those rats which received either one of the hormones in addition to the serum showed, as a rule, more severe lesions than did animals receiving serum alone in the same dose for the same period of time. It follows, then, that the most severe lesions were also associated with the largest kidneys. An exception to the general rule must be noted in the case of rat 2-5, which, although it had huge kidneys and severe lesions, had no hormones other than those supplied by its own tissues.
A few rats which received only hormones and no serum (EF3, FF3, FM2, and FM3) showed a minimal, but apparently definite, thickening of the glomerular basement membrane, possibly associated with the occasional mild albuminuria which these animals exhibited. However, the kidneys of control rat NM3 (which had not shown albuminuria on the few occasions on which the urine was examined) showed a similar appearance, suggesting that the lesion was either only an apparent one or was related to the high protein diet oil which all the animals were maintained. 19 Measurements of the height of the epithelium lining the convoluted tubules, of the diameter of the tubules, and of the diameter of glomeruli were made in many instances with a micrometer eyepiece. In general, the epithelium was slightly taller in the larger kidneys in tubules which were not markedly dilated. However, in the largest kidneys much of this epithelium seemed to be newly formed, as judged by its appearance and by the presence of large numbers of mitotic figures.
Perhaps the most striking histological finding was seen in the animals which were treated with colchicine just before death (Nos.
2-5, 2-6, and 2-7 in series 2). In the epithelium lining the convoluted tubules in the kidneys of all three animals mitotic figures were seen. These were almost confined to tubules which presented a distinctive appearance, as follows: The lining cells were usually large and rounded, had pale, finely granular cytoplasm, and lacked a brush border. In contrast, the usual epithelium of the convoluted tubules is more cuboidal, has a more heavily granular cytoplasm which stains reddish in the Masson and Mallory stains, and has a distinct brush border (at least in the proximal portion) (see Figs. 2 and 6) . It seemed probable that the large, pale, actively dividing cells represented new, regenerating epithelium, and that their active multiplication accounted in large part for the size of the larger kidneys. The tubules showing mitoses were often in groups with some scarring of adjacent glomeruli and interstitial tissue, suggesting that the mitoses were associated with damaged nephrons. In this connection, it must be noted that mitotic figures were most numerous in the kidneys of rat 2-5, which received large doses of serum but no hormones. Relatively few were seen in rat 2-7, which had testosterone alone. In fact, in the three animals, the number of mitoses was roughly proportional to the size of the kidneys.
Mitotic figures in the collecting tubules, as noted by Liebow et al.,"5 in mice on a potassium-deficient diet, and in the loops of Henle, as noted in the rat under similar conditions by Durlacher et al.,3 were found occasionally but were not as numerous as those in the convoluted tubules. The change described by Follis et al.4 in rats on a low-potassium diet and consisting of lipid vacuoles at the base of the cells lining convoluted tubules, with eventual necrosis, was not observed. Also, the "cystic change" of Korenchevsky and Ross"3 was not apparent. The presence of tall cuboidal epithelium lining Bowman's capsule, as seen in mice under various conditions,1 2, 22 was not noted.
No other notable changes were observed. Enlargement of the seminal vesides and atrophy of the testes were noted in the rats receiving testosterone. Although various tissues were examined histologically in all rats, no lesions which appeared to be significant were encountered in the heart, lung, liver, spleen, or bone-marrow.
Discussion
It seems dear that, under the combined influence of nephrotoxic serum and either estradiol or testosterone, the rats' kidneys became larger than were those of animals which received either serum or hormones alone. Neither estradiol nor testosterone alone appeared to produce a significant increase in size. These results seem to be in harmony with those of MacKay,"7 who found no enlargement of the kidneys of rats given testosterone alone but did find that testosterone led to an increase in the degree of renal hypertrophy after unilateral nephrectomy. It seems probable that in both cases the hormone acted synergistically with another stimulus to cause the increase in size, the stimulus being removal of the other kidney in MacKay's experiments and the nephrotoxic serum in the series reported here.
The failure of rats given the hormones alone to show an increase in size of kidneys as reported by others' 13, 14 16, 22 is not explained. It may be remarked, however, that some authors10 11, 12, 17, 26 have found that rats showed a less marked response than mice to testosterone as regards the kidneys. The high protein diet on which the rats were maintained may have had some effect; Smadel and Farr29 remarked that rats given a diet containing 40 per cent protein had smaller kidneys than a control group on a basal diet of 1 8 per cent protein.
The part played by potassium metabolism in these experiments cannot be fully evaluated, since determinations were done on only a few rats. However, it is notable that these animals, which had large doses of estradiol or testosterone, and which showed some diminution in muscle potassium, did not have enlarged kidneys. working with castrated mice and using pellets of desoxycorticosterone acetate and methyl testosterone implanted subcutaneously, found that potassium chloride added to the diet had no effect on the increase in renal weight as observed in animals receiving the steroids alone. These authors, while recognizing that some of the conditions of their experiments differed from those of others (notably Durlacher et al.3) , conclude that it is unlikely that potassium plays as important a role in the "renotropic" action of testosterone as has been attributed to it. However, they present no determinations of potassium in the body fluids or tissues of their animals.
The mechanism of enlargement of the kidneys apparently consisted of several factors. The increase in size of kidneys in animals given testosterone has been attributed to enlargement of the epithelium of the convoluted tubules."3 14, 22 Lattimer"4 arrived at this conclusion by measurement and by a comparison of the total nitrogen and purine nitrogen of the kidney tissue. In the largest kidneys in our series, in most of the convoluted tubules the epithelium was larger than in control kidneys. As noted above, another and perhaps more important factor was the intense regenerative multiplication of epithelial cells, as shown by mitotic figures in the animals treated with colchicine. In the most severely diseased kidneys, actual scar tissue, as well as casts in the tubules, obviously accounted for a considerablA part of the mass of the kidneys. Another small part of the increased weight was doubtless due to fluid in dilated tubules (see Table 3 ).
As regards a possible beneficial effect of the hormones on the nephritic rats, none was apparent. While it was true that the largest kidneys were found in rats which received both hormones and serum, it was also true that these kidneys showed the most severe lesions. These rats showed no diminution of albuminuria or other tendency to recover under the influence of the hormones. Also, as recorded above, slight albuminuria and thickening of the glomerular basement membrane was seen in some rats receiving hormones alone in addition to the high protein diet. One animal (rat 2-5) given massive doses of serum without hormones had huge kidneys. It is, of course, still possible that some beneficial functional effect was produced by the added hormones. The detection of such an effect would require careful metabolic studies in some larger animal which would liend itself to measurements of renal function.
Sunmnary
Nephritis was induced in rats by means of a rabbit antiserum directed against rat kidney. Those rats which were given either estradiol or testosterone in addition to the serum had, as a rule, larger kidneys and more severe lesions than did rats receiving serum alone or the hormones alone. The renal enlargement seemed to be due in large part to hypertrophy and especially hyperplasia of the epithelium of the surviving convoluted tubules. No evidence of a beneficial effect of either hormone on the course of disease or the renal lesions was apparent. 
